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a  b  s  t  r  a  c  t
The durability performance of recycled concrete (RC) subjected to different environmental
actions, including salt-solution, mechanical load, salt-solution freeze-thaw cycles, and cou-
pled  mechanical load and salt-solution freeze-thaw cycles was investigated in this paper.
To  evaluate the effects of recycled aggregate (RA) quality on the RC durability, modeled recy-
cled  concrete (MRC) containing modeled recycled aggregate (MRA) with various thickness
and  coverage of old mortar, along with different degrees of initial damage, was fabricated
and  tested. Moreover, several modification treatments were employed to study the effects of
modification treatments on the RC durability, which included the impregnation of RA with
polyvinyl alcohol (PVA) emulsion or nano-SiO2 solutions, and the enhancement of RC with
the  incorporations of fly ash or hybrid fly ash and silica fume. The results reveal that the
deterioration of RC under coupled actions of mechanical load and salt-solution freeze-thaw
cycles was the most severe, which was followed by the salt-solution freeze-thaw cycles,
mechanical load and salt-solution. The old interface in RA was determined as the weak-
est  zone in RC. With the increase in the thickness or coverage of old mortar, or the initial
damage of RA, the durability performance of RC declined, and the effect of initial damage of
RA  was more significant compared to the thickness or coverage of old mortar. Additionally,
modifying RC with 1.5% nano-SiO2 solution or PVA emulsion, and replacing cement with10%  fly ash can significantly enhance the RC durability.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
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disposal [2,3]. Currently, the mechanical properties of RC
materials and components have been extensively studied
[4–6]. Durability, as an important requisite for the good per-
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Table 1 – Physical properties of recycled aggregate.
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formance of RC, has also attracted considerable attention. In
previous studies, the resistance of RC to single environmen-
tal factors, such as carbonation [7–9], chloride penetration
[10–12], sulfate erosion [13–15], and freeze-thaw cycles [16–20],
has been widely investigated. Also, a few studies have been
carried out on the resistance of RC to combined multiple envi-
ronmental factors, such as chloride penetration and loading
[21–23], freeze-thaw and loading [24–26], as well as, chlo-
ride penetration, freeze-thaw, and loading [27,28]. Most of
the results show that the durability of RC is generally lower
than that of normal concrete (NC), and decreases with the
increase of recycled aggregate (RA) replacement ratio. The
results also indicated that combined multiple environmental
factors would increase the deterioration rate compared to that
under any single factors. Moreover, the effect of a single factor
would be promoted by other factors [28].
The old mortar attached to RA is the most significant dif-
ference between RC and NC, and it is generally recognized as
the main cause for the poorer properties of RC compared with
NC [29–31]. The old mortar forms a new interface with the
new mortars, resulting in more  interfaces in RC than in NC
with the same mix  design. The interface, as the weakest area
in concrete, causes the RC to crack easily and subsequently
reduces its durability [32]. In addition, the initial damage in
the RA, such as the accumulation of internal damage dur-
ing the crushing process, also influences the properties of RC
[33]. However, a few studies have pointed out that the un-
hydrated part of the cement in the old mortar can continue to
hydrate and play a positive role in the internal curing [34,35].
In particular, the hydration products can not only enhance the
bonding strength between the aggregate and old mortar, but
also cover and fill the microcracks [36–38], therefore improving
the RC properties. To investigate the effect of the old mortar
on the RC, modeled recycled aggregate (MRA) and modeled
recycled concrete (MRC) had been developed to simplify the
real RC for the experimental study [39–41]. For instance, Xiao
et al. [41] performed an experimental and analytical study to
investigate the stress-strain behaviors of MRC  under uniaxial
compression. However, some aspects, especially the coverage
thickness of the adhered old mortar and the initial damage
of MRA  during the service process of the original concrete and
the crushing process associated with waste concrete recycling,
were not considered in the previous studies [39–41]. Further-
more, the previous studies mainly focused on the mechanical
properties of MRC, while limited studies on the durability of
MRC  under the complex or harsh environment have been
reported.
To improve the strength and durability of RC, various mod-
ification methods have been explored [42]. These methods
can be divided into two categories: strengthening RC inte-
grally with the addition of admixtures and enhancing RA with
modification treatments. It was reported that the addition of
fly ash can increase the resistance of RA to sulfate attack
and freeze-thaw cycles [43]. Mukharjee and Barai [44] found
that the compressive strength of RC with 3% nano-SiO2 was
close to that of NC. The treatment of RA with nanomate-
rial solutions or polymer emulsion has been investigated for
the enhancement of RA [45]. When RA is immersed in nano-
material solution, the nanomaterial, such as nano-SiO2 and
nano-CaCO3, can fill the pores and voids inside the adhereddensity (kg/m ) absorption (%) index (%) (mm)
2531 4.0 17.6 5−31.5
mortars. Besides, some nanomaterials can react with calcium
hydroxide (Ca(OH)2) to form C-S-H gels, which could further
enhance the strength and durability properties of RC [46]. Poly-
mers are water repellent and can be used to reduce the water
absorption of porous materials. When RA was immersed in a
polymer emulsion, the polymer molecules filled the pores of
the adhered mortar and sealed the surfaces of RA [42]. Kou and
Poon [47] concluded that the physical and mechanical proper-
ties of RA could be improved by the treatment with polyvinyl
alcohol (PVA) emulsion, while only slightly better results were
obtained when the concentration of PVA emulsion exceeded
10%. Moreover, PVA impregnation could increase the bond-
ing strength between the RA and cement matrix [48]. Despite
these above benefits achieved by the modification treatments,
the studies on the effect of modification treatments on the
durability of RC under coupled actions are very limited [42,45].
In this study, a series of experiments are conducted to
investigate the effects of various environmental actions, RA
quality and modification treatments on the durability of RC.
The environmental actions include salt-solution, salt-solution
freeze-thaw cycles, mechanical load, and coupled actions of
mechanical load and salt-solution freeze-thaw cycles. Also,
MRC containing MRA  with different degrees of initial aggre-
gate damage, old mortar thickness, and old mortar coverage
was manufactured and tested, to understand the effect of
old mortar attached to RA on the durability of RC. Moreover,
the durability of RC after the treatment of RA with nano-
SiO2 solution or PVA emulsion, or the inclusion of fly ash or
the admixture of fly ash and silica fume, was also investi-
gated. Further, the microstructure of the interfacial transition
zones (ITZs) in MRC was characterized by scanning electron
microscopy (SEM).
2.  Experimental  program
2.1.  Raw  materials
The RA used for fabricating RC specimens was prepared in the
laboratory by crushing the demolished concrete waste from an
old building, as shown in Fig. 1. The physical properties of the
RA are given in Table 1. The sand used was based on the river
sand sourced from Ganjiang River, China, which had a fineness
modulus of 2.45 and an apparent density of 2688 kg/m3. Ordi-
nary Portland cement (Grade 42.5) supplied by Huaihai Co.,
Ltd., China, was used as the cementitious binder. The chemi-
cal compositions of the cement are presented in Table 2. Tap
water was used for concrete mixing. The salt solution with
a concentration of 10% was prepared by mixing sodium sul-
fate, sodium chloride, and magnesium chloride with a ratio
of 1.0:1.0:1.0. Fly ash and silica fume were used as the admix-
tures for the RC modification, and their chemical compositions
are listed in Table 2. PVA powder was used for enhancing RA,
whose chemical compositions are provided in Table 3. Besides,
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Fig. 1 – Resource and manufacturing of recycled aggregates.
Table 2 – Chemical composition of cementitious materials.
SiO2 Al2O3 CaO MgO Fe2O3 SO3 K2O Na2O Total
Portland cement 21.92 7.63 60.1 2.59 2.60 2.53 0.26 0.32 97.99
Fly ash 56.10 26.24 5.57 1.20 5.34 1.21 1.93 0.28 97.87
Silica fume 93.42 0.33 1.71 0.30 0.82 —— 0.76 0.23 97.57





































MRC-D0-T4 4 100% 0
MRC-D10-T4 4 100% 10
MRC-D20-T4 4 100% 20
MRC-D30-T4 4 100% 30
MRC-D40-T4 4 100% 40
MRC-D50-T4 4 100% 50
MRC-C100-T2 2 100% 50
MRC-C100-T4 4 100% 50
MRC-C100-T6 6 100% 50PVA Volatile Sodium acetate Ash
91.7 5.0 2.8 0.5
ommercial nano-SiO2 solution with a concentration of 30%
as used for the RA modification treatment, and its properties
re presented in Table 4.
.2.  Specimen  preparation
.2.1.  Recycled  concrete
he water to cement ratio was 0.49. The amounts of cement,
and, water, and RA in RC per cubic meter were 398, 546,
95, and 1161 kg, respectively. The fresh concrete was cast
nto 100 × 100 × 100 mm cubic moulds according to the code
f GB/T50081-2002 [49].
.2.2.  Modeled  recycled  aggregate
he mix  proportion of mortar in MRC  was the same as that in
C, which was 1: 2.04: 2.8 for water: cement: sand. The man-
facturing process of MRA  is shown in Fig. 2(a). Specifically,
ranite plates were cut into the prism with a dimension of
5 × 15 × 50 mm by a cutting machine, and then cement mor-
ar with a thickness of 2, 4, or 6 mm was cast on the surface,
s shown in Fig. 2(b). Then, the MRAs were cured under a tem-
erature of 20 ± 2 ◦C and relative humidity of 95% for 28 days.
dditionally, to simulate the different coverage of old mortar
n RA, the MRA  with 4 mm thickness of the old cement was cut
nto different coverage percentages, including 50%, 75%, and
00%, as shown in Fig. 2(c). Moreover, in order to simulate the
nitial damage caused during the service process of the orig-
nal concrete and the crushing process of RA, the MRA was
ubjected to different salt-solution freeze-thaw cycles. Fig. 3
Table 4 – Properties of nano-SiO2 solution.
Concentration of SiO2 Concentration of Na2O 
30 ± 1% ≤0.2% MRC-C50-T4 4 50% 50
MRC-C75-T4 4 75% 50
presents the MRAs obtained after the exposure to different
salt-solution freeze-thaw cycles. Obviously, the MRAs experi-
enced the loss of attached mortar at edges and corners after
the freeze-thaw cycles. Also, the damage was more  serious,
with the increase in the freeze-thaw cycles.
2.2.3.  Modeled  recycled  concrete
Total 9 MRAs and new mortar (with the proportion of water:
cement: sand = 1: 2.04: 2.8) were cast into the MRC  speci-
men  with a dimension of 100 × 100 × 50 mm.  After 24 h curing,
the specimen was demolded and placed in a standard cur-
ing chamber (at temperature of 20 ± 2 ◦C and 95% relative
humidity) for 28 days. The details of the prepared MRC  are
summarized in Table 5. In Table 5, the specimens were labeled
as follows. D0, D10, D20, D30, D40, and D50 denote the num-
ber of freeze-thaw cycles for MRAs (i.e., 0, 10, 20, 30, 40, and
50 cycles, respectively); C50%, C75%, and C100% represent the
coverage percentage of old mortar in MRAs (i.e., 50%, 75%, and
PH value Density Particle size
6.5−8.0 1.19−1.21 g/cm3 8−15 nm
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Fig. 2 – MRA  prepared with different thickness and coverage of old mortar.
nt sFig. 3 – MRA  subjected to differe
100%, respectively); T2, T4, and T6 indicate the thickness of
the old mortar in MRAs (i.e., 2, 4, and 6 mm,  respectively). The
prepared MRC  is shown in Fig. 4.
2.2.4.  Modification  treatment  for  RC
In this study, several methods were considered for the mod-
ification of RC, including the impregnation of RA with PVA
emulsion or nano-SiO2 solution, and the enhancement of RC
with the inclusion of fly ash or the admixture of fly ash and sil-
ica fume. The mixture proportion of the modified RC was the
same as that in RC, which was 398, 546, 195, and 1161 kg/m3
for cement, sand, water, and RA, respectively. All the speci-
mens were cast into 100 × 100 × 100 mm cubes, according to
the GB/T50081-2002 [49].
The concentrations of the PVA emulsion and nano-SiO2
solution adopted in this study included 0.5%, 1.0%, and 1.5%.alt-solution freeze-thaw cycles.
First, the PVA emulsion or nano-SiO2 solution with the tar-
get concentration was prepared. For the preparation of PVA
immersion, the PVA powder was slowly added into tap water
at 20 ◦C while slowly stirring to prevent the powder from cak-
ing. The stirring speed was 70−100 r/min. Next, the RA was
added into the bucket and was immersed for 120 min. Subse-
quently, the RA was removed from the bucket, and a screen
was used to remove the redundant PVA emulsion or nano-
SiO2 solution adhering to the RA. Finally, the RA was dried
at 20 ± 2 ◦C and 64 ± 5% relative humidity for 3 days. Fig. 5
displays the impregnation treatment of RA using PVA emul-
sion.For the group with the incorporation of fly ash, the replace-
ment percentages of cement by fly ash included 10%, 20%,
and 30%, which were labeled as RCF10, RCF20, and RCF30,
respectively. For the group incorporated with hybrid fly ash
j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):13375–13389 13379












Fig. 5 – Modification treatment of re
nd silica fume, the replacement percentage of cement with
he admixture of fly ash and silica fume was 20%, and different
roportions of fly ash and silica fume were employed. Specif-
cally, 15% fly ash and 5% silica fume, 10% fly ash and 10%
ilica fume, as well as, 5% fly ash and 15% silica fume, were
onsidered and labeled as RCF15S5, RCF10S10, and RCF5S15,
espectively..3.  Durability  investigation
he RC, MRC, and modified RC specimens prepared were
mployed in different durability tests. Specifically, RCed aggregate using PVA emulsion.
specimens were subjected to various environmental actions
to study the effect of environmental factors, while MRC  and
modified RC specimens were subjected to the coupled actions
of mechanical load and salt-solution freeze-thaw cycles to
study the effects of the RA quality and modification treatment,
respectively. Fig. 6 illustrates the details of these experiments.
The RC specimens were divided into five groups, which
are listed in Table 6. Each group had three nominally identi-
cal specimens. The specimens in the control group (RC-C0-L0)
and salt-solution group (RC-C10-L0) were immersed in water
and salt-solution, respectively. The specimens in the group
13380  j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):13375–13389
Fig. 6 – Schematic diagram of the process of experimental program.














Control RC-C0-L0 Water 0 0 0 53.20 1.28
Salt-solution RC-C10-L0 10% salt- solution 0 0 0 51.71 6.00
Mechanical load RC-C0-L30 Water 30% 0 5 49.79 4.08
RC-C0-L50 Water 50% 0 5 46.41 5.38
Salt-solution freeze-thaw cycle RC-F10-L0 10% salt- solution 0 50 0 44.95 5.86
Coupled actions of load and
salt-solution freeze-thaw cycle
RC-F10-L50-1 10% salt- solution 50% 50 1 44.00 7.51
RC-F10-L50-2 10% salt- solution 50% 50 2 42.67 8.56
RC-F10-L50-5 10% salt- solution 50% 50 5 38.56 0
Notes:  C0 and C10 represent the concentrations of the corrosion solution given as 0% and 10%, respectively; L0, L30, and L50 represent the stress
eze-th
es, 1, levels given as 0%, 30%, and 50%, respectively; F10 represents the fre
under the coupled actions of load and salt-solution freeze-thaw cycl
under salt-solution freeze-thaw (RC-F10-L0) were subjected to
50 freeze-thaw cycles in salt-solution. For the group under the
coupled actions of mechanical load and salt-solution freeze-
thaw cycles (RC-F10-L50-1, RC-F10-L50-2, and RC-F10-L50-5),
the test protocols are presented in Fig. 7(a–c) [28]. Specifically,
the specimens were loaded and unloaded for five times at
the stress level of 50% (the ratio of the applied stress to 28
d compressive strength). Afterward, the specimens were put
into the freeze-thaw machine for 50, 25, or 10 cycles in salt-
solution. The procedures were repeated until 50 freeze-thaw
cycles were completed. In the group under mechanical load
(RC-C0-L30, RC-C0-L50), the specimens were loaded for 5 times
at 30% or 50% stress level, which was followed by immer-
sion in water. The test for the group under mechanical load
was carried out simultaneously with the test for the group
under the coupled actions of loading and salt-solution freeze-
thaw cycles. While the specimens (RC-F10-L50-5) for coupled
actions were subjected to freeze-thaw cycles after loading, the
specimens (RC-C0-L30, RC-C0-L50) for mechanical load test
were immersed water, as shown in Fig. 7(d). After these pro-
cesses, the compressive strengths of all the specimens in five
groups were measured.
For one salt-solution freeze-thaw cycle, the specimens
were first frozen at a constant temperature of −20 ◦C for 6 h,
and subsequently, the specimens were transferred to the pre-
pared salt solution at a temperature of 20 ◦C for 4 h, as per
GB/T50082-2009 [50]. The repeated loading operation was as
follows. First, the specimen was preloaded to 15% stress level
of the ultimate strength to ensure that the system worked
properly and the specimen was tightly clamped in the testaw cycle in salt-solution with a concentration of 10%. For the group
2, and 5 represent the alternative times of repetitive loading.
machine. Second, the load was applied to the specimen to
the targeted stress level and maintained for 30 s, which was
followed by unloading to a stress-free state. The loading and
unloading rates were set as 0.5 MPa/s, according to GB/T50081-
2002 [49].
As for the test on the effects of the RA quality and mod-
ification treatment on the durability of RC, the durability
tests were performed on the MRC and modified RC speci-
mens, respectively, by employing the durability test protocol
in Fig. 7(b). Specifically, the MRC and modified RC speci-
mens were subjected to 2 times of the repeated loading at a
stress level of 50% and the following 25 salt-solution freeze-
thaw cycles. The compressive strengths of the specimens
before and after the above process were measured, and the
result presented was the average of three duplicated speci-
mens.
2.4.  Microstructure  characterization
To further understand the deterioration mechanism under the
coupled actions of mechanical load and salt-solution freeze-
thaw cycles, the microstructure of ITZs in MRC, before and
after the coupled actions, were characterized by scanning
electron microscopy (SEM). Core parts of the MRC  specimen
before and after the coupled actions were taken, which had a
cross section of 10 × 10 mm and a thickness of 5 mm.  After
coating with carbon, the samples were observed by SEM.
Three points were randomly selected within the old and new
ITZs.
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Fig. 7 – Schematic diagram for the durability test protocols for recycled concrete (Lei et al., 2018).
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ectedFig. 8 – Damage patterns of RC subj
3.  Results  and  discussions
3.1.  Effects  of  environmental  actions
3.1.1.  Failure  pattern
The typical patterns of the specimens after different environ-
mental actions are shown in Fig. 8. For the group subjected
to salt-solution (RC-C10-L0), the specimen exhibited an intact
surface without spalling at the edges or corners in Fig. 8(a).
For the group subjected to salt-solution freeze-thaw cycles
(RC-C10-L0), and the group subjected to mechanical loading
(RC-C0-L50), only a few vertical cracks and small peeling pieces
at the edge were observed in Fig. 8(b) and (c). However, the
failure of group RC-F10-L50-5, which was subjected to the
coupled actions of mechanical load and salt-solution freeze-
thaw cycles, was quite significant. As shown in Fig. 8(d), many
cracks and spalling on the surface of the specimen could be
seen. Besides, white salt crystals attached to the surface of the
specimen could be identified.
The coupled actions exerted both physical and chem-
ical effects on the deterioration of the RC. At the early
stage, several microcracks were produced, attributed to the
mechanical loading. After that, the concrete interior generated
more  microcracks due to the swelling stress by the freeze-
thaw cycles, which further increased the permeability of the to various environmental actions.
concrete. Meanwhile, SO42− and Mg2+ in the salt-solution
could more  easily penetrate into the concrete and react with
Ca(OH)2. The reaction products such as ettringite and gyp-
sum could accumulate in the cracks and increase the swelling
stress in the concrete. The cohesionless reaction products of
Mg(OH)2 also facilitated the further deterioration of the con-
crete. Moreover, the subsequent cyclic loading continued to
accelerate the propagation of cracks further [51]. As a result,
the combined effect of physical and chemical corrosion under
the coupled actions facilitated the expansion and connection
of the cracks, resulting in severe performance deterioration in
the RC.
3.1.2.  Compressive  strength
The average compressive strengths of the specimens after dif-
ferent environmental actions are listed in Table 6. To analyze
the effects of each factor and better explain the mechanism
of the coupled actions, the compressive strength loss values
were adopted, which can be defined as Eq. (1).
wcnu = fcu − fcun
fcu
× 100% (1)where fcun represents the strength of the concrete subjected to
the durability test and fcu represents the compressive strength
of the control group.
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ubjected to various load and environmental actions.
The compressive strength loss values of each group are
hown in Fig. 9. It can be seen that the compressive strength
oss of the group under the coupled actions of mechanical load
nd salt-solution freeze-thaw cycles is the highest, which is
ollowed by salt-solution freeze-thaw cycles and mechanical
oad. The compressive strength loss for the group subjected
o salt-solution (RC-C10-L0) is the lowest, implying that the
ffect of salt corrosion on the durability of RC is negligible.
Test results also show that the compressive strength loss
f the salt-solution group (RC-C10-L0) was 2.8%, while the
ompressive strength loss of the group under salt-solution
reeze-thaw cycles (RC-F10-L0) was 15.5%. That is to say, the
ompressive strength loss is greatly increased owing to the
ombined freeze-thaw cycles. In addition, the compressive
Fig. 10 – Damage patterns of modeled re;9(6):13375–13389 13383
strength loss was increased from 12.8% to 27.5%, when the
environmental action was changed from the mechanical load
(RC-C0-L50) to the coupled actions of mechanical load and
salt-solution freeze-thaw cycles (RC-F10-L50-5). It indicates
that the compressive strength loss is greatly increased owing
to the combined salt-solution freeze-thaw cycles. Apparently,
the freeze-thaw cycles significantly affect the performance of
RC.
Similarly, the compressive strength loss was increased
from 15.5% to 27.5%, when the environmental action was
changed from only salt-solution freeze-thaw cycles (RC-F10-
L0) to the coupled actions of mechanical load and salt-solution
freeze-thaw cycles (RC-F10-L50-5). It indicates the significant
influence of the mechanical load on the performance of RC.
On the other hand, the results of the mechanical load group
show that the compressive strength loss was increased from
6.4% (RC-F0-L30) to 12.8% (RC-F0-L50), with the increase in
the stress level. This demonstrates that the adverse effect of
mechanical load on the RC performance is more  obvious at
high stress levels. Also, in the group under the coupled actions
of mechanical load and salt-solution freeze-thaw cycles, the
compressive strength loss increased from 17.3% (RC-F10-L50-
1) to 27.5% (RC-F10-L50-5) with the increase in the alternative
times of repetitive loading from 1 to 5.
3.2.  Effect  of  RA  quality3.2.1.  Failure  pattern
During the compression test of the specimens after coupled
actions (Fig. 10), cracks initially appeared at the inter-
cycled concrete under compressive.
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Fig. 11 – Compressive strength and compressive strength loss of MRC  after coupled actions of mechanical load and
salt-solution cycles.
face between the old mortar and natural aggregate. This
means that the interface between the old mortar and
natural aggregate is the weakest region in the RC. After
that, cracks formed at the interface between the old mor-
tar and the new mortar. Eventually, the specimens failed
due to the connection of cracks and the peeling of mor-
tar.
3.2.2.  Compressive  strength
The compressive strength and compressive strength loss of
MRC  after the coupled actions of mechanical load and salt-
solution freeze-thaw cycles are shown in Fig. 11. According to
Fig. 11(a), the compressive strength decreased, and the com-
pressive strength loss of MRC  increased, when the number of
freeze-thaw cycles of MRA  increased. For instance, the com-
pressive strength of MRC  decreased from 32.1 to 23.2 MPa,
and the compressive strength loss of MRC  increased from
15.3% to 38.7%, when the number of freeze-thaw cycles of
MRA increased from 0 to 50. This implies that the durabil-
ity of RC decreases with the increase in the initial damage
of RA. From Fig. 11(b), it can be seen that the compressive
strength decreased, and the compressive strength loss of MRCincreased, as the thickness of the old mortar increased. For
example, the compressive strength of MRC decreased from
24.8 to 21.8 MPa,  and the compressive strength loss of MRC
increased from 37% to 39.8%, when the thickness of the old
mortar was increased from 2 mm to 6 mm.  Therefore, the
durability of RC slightly decreases with the increase in the
thickness of the old mortar attached to RCA. From Fig. 11c,
it shows that the compressive strength decreased, and the
compressive strength loss of MRC  increased, with the increase
in the coverage of old mortar. Specifically, the compressive
strength of MRC decreased from 26.0 to 23.2 MPa,  and the com-
pressive strength loss of MRC increased from 31.3% to 38.7%,
when the coverage of the old mortar increased from 50% to
100%. Accordingly, the durability of RC decreases with the
increase in the coverage of the adhered old mortar in RA. More-
over, it can be inferred from the results that the effect of the
initial damage of old mortar on the durability of RC is more  sig-
nificant, in comparison with that of the thickness or coverage
of the old mortar.
The initial damage of RA usually led to the stress concen-
tration and crack initiation, as shown in Fig. 10, which resulted
in performance degradation. Some studies have found that the
j m a t e r r e s t e c h n o l . 2 0 2 0
Fig. 12 – Compressive strength loss of modified RC










ash, the compressive strength loss of the RC was lower thanreeze-thaw cycles.
dhered old cement mortar on RC is the weak point [42,52].
he poor performance of RC is associated with the cracks and
ssures in the RA. These cracks and fissures make the RA
eaker and more  susceptible to permeation, diffusion, and
uids absorption [53]. The properties of RC are greatly affected
y the property of the old mortar, and the RC with RA exhibit-
ng excellent quality can perform excellently [54,55]. Liu et al.
4] found that the old mortar in RC has a great tendency to
Fig. 13 – Microstructure of ITZs in MRC  before coupled act;9(6):13375–13389 13385
crack and fracture, while the fracture of the natural aggregate
is rarely seen in NC.
On the other hand, the amount of adhered old cement
mortar has an obvious effect on the RC durability, and the
presence of high quantities of low-density old mortar in the
RA would reduce the RC performance considerably. Xiao et al.
[40] have concluded that the effective chloride diffusivity of RC
increased with the increase in the content of the old adhered
mortar. The mortar content affects the main properties of RA,
such as absorption, density, Los Angeles abrasion, and sul-
fate content [56], because the adhered mortar is porous and
presents numerous microcracks [57–59]. Therefore, removing
the old mortar could enhance the performance of RC, and
some methods for the removal of old mortar have been pro-
posed [42].
3.3.  Modification  treatments
The compressive strength loss of the modified RC due to the
coupled actions of mechanical load and salt-solution freeze-
thaw cycles are shown in Fig. 12. For the RC with the addition
of fly ash, when the cement was replaced by 10% and 20% flythat of concrete without fly ash. However, when the fly ash
content was increased to 30%, the compressive strength loss
of RC was larger than that of the control RC without fly ash,
ions of loading and salt-solution freeze-thaw cycles.
13386  j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):13375–13389
Fig. 14 – Microstructure of interfaces in MRC  after coupled actions of mechanical loading and salt-solution freeze-thaw
are shown in Figs. 13 and 14. Before the coupled actions ofcycles.
demonstrating that the high fly ash content would reduce the
performance of RC. Therefore, precautions should be taken to
the fly ash content during the mixing proportion design of RC
[60]. For instance, Arifi et al. [61] and Kou and Poon [62] recom-
mended 25% as the optimum replacement ratio of cement by
fly ash in RC.
As for the RC incorporated with the admixture of fly ash and
silica fume, the compressive strength loss firstly decreased
and then increased, with the increment of the silica fume con-
tent. Specifically, when the silica fume contents were 5% and
10%, the compressive strength loss of the RC was lower than
that of the control RC without fly ash and the RC with 20% fly
ash. It indicates that an improvement can be achieved by the
inclusion of the admixture of fly ash and silica fume, and the
effect is more  obvious with the increase of the silica fume con-
tent. However, when the silica fume content was increased to
15%, the compressive strength loss of RC was larger than that
of the RC with 20% fly ash and the RC without fly ash. There-
fore, proper mixing of fly ash and silica fume can increase the
durability of RC. Silica fume is known to improve the strength
and durability of concrete, due to the effects of pores fill-
ing, pozzolanic reaction, and interfacial zone enhancement
[63]. However, excessive silica fume can have adverse effects
on the workability and dry shrinkage properties of concrete
[63].Additionally, Fig. 12 shows that when the concentration of
the nano-SiO2 solution and PVA emulsion was 0.5%, the com-
pressive strength loss of the concrete with modified RA was
close to that of the control RC. However, with the increase
in the concentrations of PVA emulsion and nano-SiO2 solu-
tion, the compressive strength loss decreased continuously.
For instance, when the content was 1.5%, the compres-
sive strength loss was reduced from 19.8% to 10.3% and
7.5%, respectively, after the treatment by PVA emulsion and
nano-SiO2 solution. It has been reported that impregnation
treatments of RA have many  benefits: the voids and cracks
on the surface of RA can be filled, and the interface structure
can be enhanced [34]. Even though, it should be noted that
there are some limitations of RA impregnation treatments,
especially in terms of cost and practical handling issues,
which highlights the necessity of relevant studies in the future
[34,46,48].
3.4.  Microstructure  characterization
The microstructures of ITZs in MRC characterized by SEMmechanical load and salt-solution freeze-thaw cycles, a large
number of worm-like calcium silicate hydrate (C-S-H) gels,
mixed with plate-shaped calcium hydroxide (CH) crystals and
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 small amount of rod-like Ettringite (AFt) crystals, could be
bserved in the old ITZ. Additionally, obvious cracks can be
dentified in the old ITZ, which led to the poor connection
etween the aggregate and old cement mortar. While in the
ew ITZ, flocs of C-S-H gels are tightly bonded, and the rod-
ike crystals are interspersed between the gels. It would result
n the increased stability of the microstructure and high bond
trength.
After the coupled actions of mechanical load and salt-
olution freeze-thaw cycles, cracks could be identified in both
he old and new ITZs. By comparing Figs. 13 and 14, it could
lso be found that the flocs of C-S-H gel were reduced consid-
rably. In addition, short rod-like AFt crystals and six square
late-like CH crystals, which were originally encapsulated by
-S-H gel, were gradually formed and accumulated in the
ores or cracks. It finally makes the ITZ micromorphology
ough and messy.
.  Conclusions
he effects of environmental actions, recycled aggregate qual-
ty, and modification treatments on the durability of recycled
oncrete were investigated in this study. The main conclusions
re drawn up as follows:
1) The deterioration of RC under the coupled actions of
mechanical load and salt-solution freeze-thaw cycles was
the most severe, followed by the salt-solution freeze-thaw
cycles, mechanical load, and salt-solution. The durabil-
ity of RC after the coupled actions of mechanical load
and salt-solution freeze-thaw cycles deteriorated more
significantly, as the alternative times of repetitive loading
increased.
2) Cracks first appeared at the interfaces between the old
mortar and MRA, which was the weakest zone in the RC.
With the increase in the old mortar thickness, old mortar
coverage, or the initial damage, the durability of RC was
declined. Also, the effect of the initial damage of the old
mortar was more  significant than that of the thickness or
coverage of old mortar.
3) Treating the RA with 1.5% nano-SiO2 and 1.5% PVA emul-
sion, and replacing the cement with 10% fly ash could
greatly improve the resistance of the RC to the coupled
actions of mechanical load and salt-solution freeze-thaw
cycles. Specifically, the compressive strength loss of the
concrete is reduced from 19.8% to 9%, 10.3%, and 7.5% after
the above treatment methods, respectively.
4) After subjected to the coupled actions of mechanical load
and salt-solution freeze-thaw cycles, cracks and large par-
ticles of recycled concrete can be identified at both the old
and new ITZs, manifesting the rough and messy micro-
morphology.onflict  of  interest
he authors declare no conflicts of interest.;9(6):13375–13389 13387
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[13] Bulatović V, Melešev M, Radeka M, Radonjanin V, Lukic I.
Evaluation of sulfate resistance of concrete with recycled
and natural aggregates. Constr Build Mater 2017;152:614–31.
[14] Qi B, Gao J, Chen F, Shen D. Evaluation of the damage process
of  recycled aggregate concrete under sulfate attack and
wetting-drying cycles. Constr Build Mater 2017;138:254–62.
[15] Zega CJ, Coelho Dos Santos GS, Villagrán-Zaccardi YA, Di
Maio AA. Performance of recycled concretes exposed to
sulphate soil for 10 years. Constr Build Mater
2016;102:714–21.
[16] Salem RM, Burdette EG, Jackon NM. Resistance to freezing
and thawing of recycled aggregate concrete. ACI Mater J
2000;100(3):216–21.
[17] Li SG, Chen GX, Ji GJ, Lu YH. Quantitative damage evaluation
of concrete suffered freezing-thawing by DIP technique.
Constr Build Mater 2014;69:177–85.
 o l . 213388  j m a t e r r e s t e c h n
[18] Richardson A, Coventry K, Bacon J. Freeze/thaw durability of
concrete with recycled demolition aggregate compared to
virgin aggregate concrete. J Clean Prod 2011;19:272–7.
[19] Huda SB, Shahria Alam M, 2009 Mechanical and freeze-thaw
durability properties of recycled aggregate concrete made
with recycled coarse aggregate. J Mater Civil Eng
2015;27(10):04015003.
[20] Abbas A, Fathifazl G, Isgor OB, Razaqpur AG, Fournier B, Foo
S,  2009 Durability of recycled aggregate concrete designed
with equivalent mortar volume method. Cem Concr Compos
2009;31:555–63.
[21] Wang WJ, Wu  J, Wang Z, Wu  GZ, Yue AY. Chloride diffusion
coefficient of recycled aggregate concrete under compressive
loading. Mater Struct 2016;49:4729–96.
[22] Kim D, Shimura K, Horiguchi T. Effect of tensile loading on
chloride penetration of concrete mixed with granulated blast
furnace slag. J Adv Concr Technol 2010;8:27–34.
[23] Rahman MK, Al-Kutti WA, Shazali MA, Baluch MH.
Simulation of chloride migration in compression-induced
damage in concrete. J Mater Civil Eng 2012;24:789–96.
[24] Qiao Y, Sun W,  Jiang J. Damage process of concrete subjected
to  coupling fatigue load and freeze/thaw cycles. Constr Build
Mater 2015;93:806–11.
[25] Kosior-Kazberuk M, Berkowski P. Surface scaling resistance
of  concrete subjected to freeze-thaw cycles and sustained
load. Procedia Eng 2017;172:513–20.
[26] Sun W,  Zhang YM, Yan HD, Mu R. Damage and damage
resistance of high strength concrete under the action of load
and  freeze-thaw cycles. Cem Concr Res 1999;29(9):1519–23.
[27] Mu R, Miao C, Luo X, Sun W.  Interaction between loading,
freeze-thaw cycles, and chloride salt attack of concrete with
and  without steel fiber reinforcement. Cem Concr Res
2002;32:1061–6.
[28] Lei B, Li WG, Tam VWY,  Sun ZH. Investigation on properties
of recycled aggregate concrete under coupling loading and
freeze-thaw cycles in salt-solution. Constr Build Mater
2018;163:840–9.
[29] Li WG, Luo ZY, Long C, Wu  CQ, Duan WH,  Shah SP. Effects of
nanoparticle on the dynamic behaviors of recycled aggregate
concrete under impact loading. Mater Design 2016;112:58–66.
[30] Poon CS, Shui ZH, Lam L. Effect of microstructure of ITZ on
compressive strength of concrete. Constr Build Mater
2004;18:461–8.
[31] Li W,  Luo Z, Sun Z, Hu Y, Duan WH.  Numerical modelling of
plastic–damage response and crack propagation in RAC
under uniaxial loading. Mag Concr Res 2018;70(9):459–72.
[32] Marí A, Etxeberria M, Vázquez E. Microstructure analysis of
hardened recycled aggregate concrete. Mag Concr Res
2006;58(10):683–90.
[33] Nagataki S, Gokce A, Saeki T, Hisada M. Assessment of
recycling process induced damage sensitivity of recycled
concrete aggregates. Cem Concr Res 2004;34(6):
965–71.
[34] Tam VWY,  Gao XF, Tam CM. Microstructural analysis of
recycled aggregate concrete produced from two-stage
mixing approach. Cem Concr Res 2005;35(6):1195–
203.
[35] Yildirim ST, Meyer C, Herfellner S. Effects of internal curing
on the strength, drying shrinkage and freeze-thaw
resistance of concrete containing recycled concrete
aggregates. Constr Build Mater 2015;91:288–96.
[36] Barra de Oliveira M, Vazquez E. The influence of retained
moisture in aggregates from recycling on the properties of
new hardened concrete. Waste Manag 1996;16:113–7.
[37] Chen ZY, Wang JG. Bond between marble and cement paste.
Cem Concr Res 1987;17(4):544–52.
[38] Zimbelmann R. A contribution to the problem of
cement-aggregate bond. Cem Concr Res 1985;15(5):801–8. 0 2 0;9(6):13375–13389
[39] Duan ZH, Poon CS. Properties of recycled aggregate concrete
made with recycled aggregates with different amounts of old
adhered mortars. Mater Design 2014;58(6):19–29.
[40] Xiao JZ, Ying JW,  Shen LM. FEM simulation of chloride
diffusion in modeled recycled aggregate concrete. Constr
Build Mater 2012;29:12–23.
[41] Xiao JZ, Li W,  Corr DJ, Shah SP. Effects of interfacial transition
zones on the stress-strain behavior of modelled recycled
aggregate concrete. Cem Concr Res 2013;52:82–9.
[42] Shi CJ, Li YK, Zhang JK, Li WG, Chong LL, Xie ZB. Performance
enhancement of recycled concrete aggregate–a review. J
Clean Prod 2016;112:466–72.
[43] Lei B, Li W,  Li Z, Wang G, Sun Z. Effect of cyclic loading
deterioration on concrete durability: water absorption,
freeze-thaw, and carbonation. J Mater Civil Eng
2018;30(9):04018220.
[44] Mukharjee BB, Barai SV. Influence of nano-silica on the
properties of recycled aggregate concrete. Constr Build Mater
2014;55:29–37.
[45] Luo ZY, Li WG, Tam VWY,  Xiao JZ, Shah SP. Current progress
on nanotechnology application in recycled aggregate
concrete. J Sustainable Cem Based Mater 2018;8(2):79–96.
[46] Zhang HR, Zhao YX, Tao M, Surendra PS. Surface treatment
on recycled coarse aggregates with nanomaterials. J Mater
Civil Eng 2016;28(2):04015094.
[47] Kou SC, Poon CS. Properties of concrete prepared with
PVA-impregnated recycled concrete aggregates. Cem Concr
Compos 2010;32(8):649–54.
[48] Mansur A, Santos D, Mansur H. A microstructural approach
to  adherence mechanism of poly (vinyl alcohol) modified
cement systems to ceramic tiles. Cem Concr Res
2007;37(2):270–82.
[49] GB/T50081-5. In: Test Method for Mechanical Properties of
Ordinary Concrete. China: China Architecture and Building
Press; 2002.
[50] GB/T50082-5. In: Standard for Test Method of Long-Term
Performance and Durability of Ordinary Concrete. China:
China Architecture and Building Press; 2009.
[51] Al-Amoudi OSB. Attack on plain and blended cements
exposed to aggressive sulfate environments. Cem Concr
Compos 2002;24(3-4):305–16.
[52] Etxeberria M, Vazquez E, Mari A. Microstructure analysis of
hardened recycled aggregate concrete. Mag Concr Res
2006;58(10):683–90.
[53] Olorunsogo FT, Padayachee N. Performance of recycled
aggregate concrete monitored by durability indexes. Cem
Concr Res 2002;32:179–85.
[54] Padmini AK. Influence of parent concrete on the properties
of recycled aggregate concrete. Constr Build Mater
2009;23:829–36.
[55] Kou SC, Poon CS. Effect of the quality of parent concrete on
the  properties of high performance recycled aggregate
concrete. Constr Build Mater 2015;77:501–8.
[56] de Juan MS, Gutiérrez PA. Study on the influence of attached
mortar content on the properties of recycled concrete
aggregate. Constr Build Mater 2009;23(2):872–7.
[57] Rao A, Jha KN, Misra S. Use of aggregates from recycled
construction and demolition waste in concrete. Resour
Conserv Recycl 2007;50(1):71–81.
[58] Abbas A, Fathifazl G, Fournier B, Isgor OB, Zavadil R,
Razaqpur AG, et al. Quantification of the residual mortar
content in recycled concrete aggregates by image  analysis.
Mater Charact 2009;60(7):716–28.
[59] Tang Z, Li WG, Tam VWY,  Yan LB. Mechanical behaviors of
CFRP-confined sustainable geopolymeric recycled aggregate
concrete under both static and cyclic compressions. Compos
Struct 2020;252:112750,
http://dx.doi.org/10.1016/j.compstruct.2020.112750.
2 0 2 0j m a t e r r e s t e c h n o l . 
[60] Bilodeau A, Sivasundaram V, Painter KE, Malhotra VM.
Durability of concrete incorporating high volume of fly-ash
from source in the US. ACI Mater J 1994;91(1):3–12.
[61] Arifi E, Zacoeb A, Shigeishi M. Effect of fly ash on the
strength of concrete made from recycled aggregate by pulsed
power.  Int J Geomate 2014;7(1):1009–16.;9(6):13375–13389 13389
[62] Kou SC, Poon CS. Long-term mechanical and durability
properties of recycled aggregate concrete prepared with the
incorporation of fly ash. Cem Concr Compos 2013;37:12–9.
[63] Zhang P, Li QF. Effect of silica fume on durability of concrete
composites containing fly ash. Sci Eng Compos Mater
2013;20(1):57–65.
